We present results of our calculations of NLTE model stellar atmospheres for hot Population III stars composed of hydrogen and helium. We use our own computer code for calculation of spherically symmetric NLTE model atmospheres in hydrostatic and radiative equilibrium. The model atmospheres are then used for calculation of emergent fluxes. These fluxes serve for the evaluation of the flow of high-energy photons for energies higher than ionization energies of hydrogen and helium, the so-called ionizing photon fluxes. We also present the time evolution of the ionizing photon fluxes.
INTRODUCTION
At the beginning of the era of modern NLTE stellar atmosphere modelling at the early 70's, the chemical composition of computed model atmospheres had to be as simple as possible to enable their calculation at computers that were available at that time. Therefore, these models included only minimum number of elements, selected according to their importance for the atmospheric structure properties. First models were purely hydrogen (Auer & Mihalas 1969 , later also helium was included Auer & Mihalas 1972; Kudritzki 1973 Kudritzki , 1976 to calculations. Due to computer limitations, the absorption by heavier elements was not considered, and, of course, also the absorption by a huge number of metal lines in the ultraviolet spectral region was omitted. These metal lines cause lowering the ultraviolet flux and enhancing the flux in the visual region. This important effect is known as line blanketing (see, e.g., Mihalas 1978) . Great effort (started by Anderson 1985 Anderson , 1989 ) was necessary to include the line blanketing into NLTE model atmospheres calculations, and nowadays it is possible to calculate NLTE model atmospheres with this effect taken into account properly. One of the most widely used codes for calculation of static NLTE line blanketed plane-parallel model atmospheres is the code TLUSTY (Hubeny 1988; Hubeny & Lanz 1995) . NLTE line-blanketing can be also treated by other model atmosphere codes, like the model atmosphere package TMAP (Werner et al. 2003) . For the case of NLTE moving atmospheres with line blanketing, codes CMFGEN (Hillier & Miller 1998) , PHOENIX (e.g. Hauschildt et al. 1997) , FASTWIND (Santolaya-Rey et al. 1997; Puls et al. 2005) , and WMBasic (e.g. Pauldrach 2003 , and references therein) are available.
All these mentioned model atmosphere codes were developed and used with the primary objective to reproduce the observed emergent radiation from hot stars. The hydrogen-helium static model atmospheres calculated by Auer & Mihalas served only as a first approximation of NLTE hot stellar atmosphere modelling. However, there is a group of stars, whose chemical composition corresponds exactly to what was calculated by Auer & Mihalas in the early 70's, namely the first stars in the Universe. Since the Universe at its beginning was practically free of metals and consisted only of hydrogen, helium, and a very little amount of lithium (see, e.g., reviews of Bromm & Larson 2004; Johnson et al. 2008; Bromm et al. 2009 ), the first stars may be safely assumed to consist only of hydrogen and helium, since the influence of lithium on the stellar atmospheric structure is negligible.
Thus, in order to obtain model atmospheres of first stars, it is simply sufficient to use the first codes for calculation of NLTE model atmospheres from the early 70's, or to repeat such calculations with contemporary sophisticated model atmosphere codes and just to skip metals from the calculations. The latter was done by Tumlinson & Shull (2000) , who used the code TLUSTY to calculate simple hydrogen-helium model atmospheres and rediscovered that "A model atmosphere is necessary because a simple blackbody curve for each T eff will not accurately reproduce the spectrum ... " (cf. Unsöld 1955 , where the history of the finding that the stellar radiation is not the blackbody one is thoroughly descibed). They concluded that neglecting all the metal opacities leads to enhancement of the UV flux emerging from the model stellar atmosphere, a fact that was well known before, but in opposite formulation, namely that adding metallic opacity reduces the ultraviolet stellar flux.
The presence of high UV flux emerging from the hydrogen-helium model atmospheres describes an important source of radiation, which is able to ionize the intergalactic medium in the early Universe evolution . Indeed, high fluxes at high frequencies caused by missing stellar opacity in those spectral regions are extremely important in cosmology (Venkatesan & Truran 2003) . Model atmospheres of first stars and their influence on ionizing radiation were also studied in detail by Schaerer (2002 Schaerer ( , 2003 .
The absence of metals in the atmospheres of first stars has an additional effect. Since the winds of hot stars are driven by radiation scattered by spectral lines, there was a question whether the first stars have stellar winds. Existence or non-existence of the stellar wind has dramatic influence on the first star evolution. Bromm, Kudritzki, & Loeb (2001) calculated unified model atmospheres (using an improved version of the method of Santolaya-Rey et al. 1997 ) and did not find any effect of the velocity field on line profiles for low mass-loss rates. Kudritzki (2002) tested the existence of winds of first stars by calculating wind models using the depth dependent line force multiplier parameters k, α, and δ. He tried to mimic the zero metallicity of the first stars using a method, which implicitly assumes driving of the wind by metalic lines. He pointed out the possibility of multicomponent effects in the wind of first stars. These were later studied in detail by Krtička et al. (2003 Krtička et al. ( , 2010 . However, the principal question of existence or non-existence of the winds of first stars deserved more detailed study. The code of Krtička & Kubát (2004) enabled calculation of the radiative force directly using actual level populations and opacities of individual elements at each depth point, without the necessity to introduce parameterization of the radiative force by means of the line force multipliers. Consequently, this method gives implicitly depth-dependent line force and allows to include consistently any chemical composition. Using this code, Krtička & Kubát (2006 ) studied stellar winds of first stars and confirmed the fact found by Kudritzki (2002) that the first stars have extremely weak winds. These calculations also showed that using static approximation for calculation of model atmospheres of first stars is adequate. For these calculations, which were done using the core-halo approximation, it was necessary to determine the flux at the lower boundary of the wind region. To this end, the emergent radiation from the static spherically symmetric NLTE model atmospheres was used. Consequently, Krtička & Kubát did not check if the plane-parallel approximation, which has been frequently used by others, is adequate for modelling the atmospheres of first stars. Since the NLTE atmospheric models used by Krtička & Kubát have not been published anywhere in detail, in this paper we present an extended set of NLTE model atmospheres used for this purpose.
MODEL ATMOSPHERES

Validity of static approximation
For the case when the thickness of the atmosphere is small compared to the stellar radius, the plane-parallel approximation offers a good choice. This happens for dwarf stars with relatively high surface gravitational accceleration (log g 4). However, small deviations from the plane-parallel approximation were found even for subdwarfs (Gruschinske & Kudritzki 1979) . For the case of white dwarfs they were found only in cores of some strong lines and were usually very small (Kubát 1995) .
On the other hand, for Population I and II stars with lower surface gravities, giants and supergiants, the atmosphere is more extended, and it can no longer be considered as thin with respect to the stellar radius. In such case a spherically symmetric approximation is more realistic than the plane-parallel one. However, due to a weaker gravitational force in the atmospheres of giants and supergiants, the radiation force may easily overcome gravity there and give rise to a stellar wind. Consequently, such atmosphere can not be considered as a static one. Winds in hot star atmospheres are driven by radiation force generated by momentum transfer from absorptions and scatterings in lines of heavy elements, with a help of the force generated by continuum transitions and electron scattering. Note that the force generated by continuum transitions and electron scattering alone is not sufficient to drive the wind.
The first stars in Universe were born from pure hydrogen-helium mixture with no heavier elements. Consequently, since the radiation force does not overcome gravity there, the line driven wind does not exist there (see Krtička & Kubát 2006 and atmospheres of these stars may be described using static approximation in both plane-parallel and spherically symmetric geometry.
Method of calculation
Our method for calculation of NLTE model stellar atmospheres is based on an accelerated lambda iteration (ALI) method and has been described in some detail in Kubát (1994 Kubát ( , 1996 Kubát ( , 1997b Kubát ( , 2001 ) and summarized in Kubát (2003) . Using our code we calculated a grid of hydrogen-helium spherically symmetric NLTE model atmospheres in hydrostatic and radiative equilibrium. The helium abundance Y He = n He /n H = 0.1. We considered a 16 level hydrogen atom (15 levels of H i + 1 level of H ii) and a 50 level helium model atom (29 levels of He i + 20 levels of He ii + 1 level of He iii). Individual hydrogen levels correspond to main quantum numbers n = 1, . . . , 15. For He i, all levels up to n = 4 were taken separately according to orbital quantum number l, for 5 ≤ n ≤ 9 we took 2 averaged levels for each n, one for singlets, one for triplets. The levels of He ii were considered similarly as the hydrogen levels, however for n = 1, . . . , 20. Details of the model atoms used (oscillator strengths, photoionization cross sections, collisional excitation and ionization rates, line profiles) can be found in Kubát et al. (1999) .
For temperature structure determination we used a combination of three methods. At large depths below the stellar radius R * = r(τ R ≈ 2/3) (τ R is the Rosseland optical depth) it was the differential form of the radiative equilibrium equation, above the stellar radius the integral form of radiative equilibrium equation, and for outermost layers the electron thermal balance method was used (for details see Kubát 1996 Kubát , 2001 Kubát et al. 1999 ).
RESULTS OF CALCULATIONS
Model atmosphere parameters
Basic parameters (luminosity L * , mass M * , and radius R * ) of the first stars are taken from evolutionary calculations. For the original calculations used in Krtička & Kubát (2009) Schaerer (2002) . 
Fig. 1.-Plot of ultraviolet fluxes from selected model atmospheres of first stars with parameters from Schaerer (2002) . Labels correspond to the first column of the Table 1 .
We calculated spherically symmetric NLTE model atmospheres for parameters given in the Table 3 of Schaerer (2002) , these parameters are listed here in the Table 1 , corresponding temperature structures as a function of the column mass depth m are shown in the Figure A1 . The column mass depth is related to the Rosseland optical depth by a relation
where ρ is the density and χ R the Rosseland opacity. All models display a rise of temperature in the outer parts of the atmosphere, where the strongest lines are optically thick and the continuum is optically thin. This is a typical NLTE effect in model atmospheres without metals (see, e.g. . In model atmospheres with metal line blanketing included, this temperature rise disappears (e.g., Lanz & Hubeny 2007) .
To check the validity of the plane-parallel approximation for the first stars by direct comparison of spherically symmetric and plane-parallel models calculated with the same code (which has not been done yet), we also calculated NLTE plane-parallel model atmospheres for these Marigo et al. (2001) . Labels correspond to the first column of the Table 2. stellar parameters. We found that the difference between the temperature structures of spherically symmetric and plane-parallel model atmospheres is relatively small, similarly to other cases where the atmospheric extension is not too large (cf. Gruschinske & Kudritzki 1979; Kubát 1996 Kubát , 1997a Kubát ,c, 1999 . Also the difference between emergent fluxes from spherically symmetric and plane-parallel model atmospheres (the sphericity effect) is small, the flux from the spherically symmetric model atmosphere is slightly lower.
Although it was initially assumed that Population III stars should have very large masses of the order of hundreds M ⊙ , Marigo et al. (2001) calculated an extensive grid of evolutionary models of Population III stars with masses 0.7 M ⊙ ≤ M ≤ 100 M ⊙ with the assumption of zero mass-loss.
For selected masses from this grid we calculated NLTE model atmospheres for models of stars with zero age. Their parameters (L * , M * , R * ) were taken from the online Table in Marigo et al. (2001) and are listed in the Table 2 . Temperature structures for selected models are plotted in the Figure A2 . All models display the same Marigo et al. (2001) . 3.2. Ionizing fluxes and their evolution As an immediate by-product of the model atmosphere calculation we can obtain the amount of radiation escaping from the stellar photosphere. This radiation significantly influences the circumstellar matter and it may be the reason for stellar winds. Fluxes from model atmospheres listed in the Table 2 (see also Fig. A2 ) for selected parameters from the large set of Marigo et al. (2001) were used as a lower boundary condition in wind calculations by Krtička & Kubát (2009) for analysis of the existence of stellar winds.
For the case of Population III stars, the amount of highly energetic emergent radiation is of extreme importance, because it influences the ionization state of interstellar and intergalactic matter (therefore this radiation is often referred to as the ionizing radiation) and, consequently, it is important for the cosmic evolution (Venkatesan & Truran 2003) .
Ultraviolet emergent fluxes from model atmospheres selected from the lists in the Tables 1 and 2 are plotted in the Figures 1 and 2 , respectively. It is evident that the hottest and most massive (and hence most luminous) stars provide maximum flux in the far-ultraviolet region, which is the extremely important spectral region for generation of the "ionizing flux". Contribution to this flux from the low-massive zero-age main sequence first stars is several orders of magnitude weaker.
For all models we calculate the stellar ionising photon flux Q (in photons s −1 ) as
(ν ion is the ionization frequency of the particular ionization edge) for H i, He i, and He ii ionization edges. The values of the stellar ionizing fluxes are listed in the Tables 1 and 2. Comparing our results with those calculated by Schaerer (2002) by a totally independent code (TLUSTY) we find a good agreement. This supports the conclusion that both Schaerer's and our codes give correct results. We also plot the dependence of the number of ionizing photons for H i, He i, and He ii ionization edges on stellar luminosity in the Figure 3 . As expected, the number of ionizing photons rises with the stellar luminosity, the rise is significantly steeper for L 3.5L ⊙ .
In addition, we studied the evolution of ionizing fluxes with the stellar evolution. For stellar masses 10 M ⊙ , 20 M ⊙ , 50 M ⊙ and 1000 M ⊙ we calculated model atmospheres for evolved Population III stars. Parameters of these models are listed in Tables B1 -B4. The ultraviolet emergent fluxes of some of the calculated evolved model atmospheres for masses 100 M ⊙ and 50 M ⊙ are shown in the Figure 4 . The latter figure shows that the high ionizing flux present at zero-age main sequence first stars decreases with their evolution, as the stellar effective temperature decreases.
In order to describe the changes of the ionizing flux with time quantitatively, we calculated for each model listed in Tables B1 -B4 reached sooner for more massive stars. The relative importance of first stars for the generation of ionizing photons at different ages is shown in the Fig. 6 . The massive stars contibrute by several orders of magnitude more, but since they evolve faster, their contribution lasts for much shorter time period than for stars with lower mass. For example, the 100 M ⊙ star stops its contributing after 3 · 10 6 years, while the 10 M ⊙ star contributes for about 19 · 10 6 years. However, the total contribution of the 10 M ⊙ is smaller. 
CONCLUSIONS
We presented results of the NLTE model atmosphere calculations of first stars (Population III stars) assuming hydrogen-helium composition. These model atmospheres represent an extended set of model atmospheres used as a lower boundary flux condition in wind analyses of first stars by Krtička & Kubát (2006 . For the models we also calculated emergent fluxes and, in addition, the "ionizing photon fluxes", which collect the contribution of the radiation in the ultraviolet part of the spectrum. Photon fluxes were calculated for radiation with shorter wavelength than H i, He i, and He ii ionization edges. We also studied the time evolution of all three photon fluxes and we found strong dependence on the stellar mass, the more massive stars are more important contributors to ionizing photon flux. This underlines the importance of the question of the maximum stellar mass for zero age first stars. Table 1 (labels correspond to the first column of the table). The independent variable m is the column mass-depth (see Eq. 1). Table 2 . The independent variable m is the column mass-depth (see Eq. 1).
TABLE B1
Model atmosphere parameters and and stellar ionizing photon fluxes Q i for selected model atmospheres from the evolutionary sequence for 100M ⊙ for parameters from Marigo et al. (2001) . 
